Electromigration was characterized at the cathode Cu/solder interface-without the effect of Joule heating-by employing scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) analyses. Rapid (Cu x ,Ni 1−x ) 6 Sn 5 intermetallic compound (IMC) growth was observed at the anomalous region at the cathode end due to the effect of current crowding. The abnormal isotropic diffusion and parallel distribution of Pb were characterized in an ultra-low temperature environment in a monocrystalline structure stressed at −196 • C. The interesting results were attributed to crystallographic transformation due to the simultaneous effect of cryogenic and electrical stressing. The diffusion behavior of Pb atoms in face-centered cubic lattices performed isomorphism. As a result, Pb atoms of the bump gathered at the high-energy grain boundaries by diffusing through the face-centered cubic lattices around the long grain boundary, eventually forming a long-range distribution and accumulation of Pb elements. Our study may provide understanding of cryogenic electromigration evolution of the Cu/solder interface and provide visual data for abnormal lattice transformation at the current stressing.
Introduction
Deep-space exploration necessitates an astrovehicle of great reliability over an extensive range of temperatures, for instance, under the conditions of Moon (77-423 K), Mars (133-293 K) and Giant Planets (133-653 K) [1, 2] . Solder interconnects, applied in microelectronics, can prove problematic at cryogenic temperatures (CT) [3] . Solder alloys are used as structural materials, and the joints electrically and mechanically connect electronic components to printed circuit boards (PCBs) [4, 5] . The performance and quality of the interconnects are critical to the overall functionality of the electronic components [6] [7] [8] [9] . Sn-based microbumps undergo a transition from ductile to brittle at CT, resulting in brittle cracks that can lead to catastrophic failure of electronic components. Although industrial production processes are beginning to move away from Pb-Sn solder, the high-reliability areas of aerospace still use lead-tin solder. Due to increasing current densities required for high-performance, multi-functional, and miniaturized electronic devices, electromigration (EM) is becoming a crucial issue for the reliability of solder interconnects [10] [11] [12] . When the current density is greater than 1.0 × 10 4 A/cm 2 , the intermetallic compound (IMC) is driven by the electron wind to migrate from the cathode to the anode, resulting in a polar effect of IMC growth [13] . Void propagation at the cathode end and extrusion at the anode end occur frequently until a final EM failure eventuates [14] [15] [16] .
EM is affected by the crystallographic structure of Sn-based solder interconnects [17, 18] . The most widely used lead-free solders in electronic packaging are Sn-based solder alloys with a β-Sn matrix, such as Sn-Ag and Sn-Ag-Cu [19, 20] . Therefore, the characteristics of the interconnects are determined by β-Sn, which exhibits strong anisotropy in multiple aspects, such as mechanical, thermal, electrical, and diffusion properties, due to its body-centered tetragonal crystal structure [21] [22] [23] [24] . The migration and formation of (Cu x ,Ni 1−x ) 6 Sn 5 IMCs has been characterized as the main EM failure of solder interconnects, however, the results of IMC growth have been confused with the results of thermomigration (TM). In the actual engineering application process, the tin-based solder micro-interconnect structure changes its internal lattice structure during the process of temperature drop, resulting in a so-called gray tin or tin pest (α-Sn) parasitic phase [25] . Consequently, the mechanical properties and durability of the solder joint are severely impaired. The Sn lattice structure theoretically undergoes a transition from β-Sn to α-Sn at temperatures below 13.2 • C. Some studies have also pointed out that the subcooling temperature required for this transition in practical applications is about a dozen degrees lower than 13.2 • C [25] . In general, the low temperature factor can increase the driving force and the free energy difference ∆G [26] . Conversely, the low temperature factor can reduce the thermal energy of the lattice and the atom migration speed [26] . Therefore, whether or not a lattice transition occurs depends on which force is dominant. The addition of some insoluble metal elements such as Pb, Zn, Al, Mg, and Mn can effectively accelerate the transformation [27, 28] . Thus, solder consisting of mixed ingredients also increases the risk of tin pests. In this paper, self-mixed Pb-containing solder joints are used to characterize electromigration inside interconnected solder joints of an α-Sn lattice structure. The difference in IMC migration behavior at low temperatures and at room temperature or under heating was found. Relevant scholars have characterized the degradation of mechanical properties related to the lattice transformation of Sn, but did not conduct detailed research and characterization of the causes of migration of IMCs [29] . In this paper, the characterization of the IMC migration path was carried out, and its migration mechanism was also analyzed. This study can provide meaningful experimental data for the reliability such components in deep-space environments.
In this study, SnAgCu/SnPb microbumps were fabricated and EM tests at CT were conducted under a current density of 2.5 × 10 3 A/cm 2 . The effect of grain orientation on the electromigration (without the effect of thermomigration) of microbumps was investigated in terms of Pb atoms and IMC migration at CT. Electron backscatter diffraction (EBSD) technology was utilized to investigate the effect of grain orientation and grain boundaries on the migration of Pb atoms and IMCs.
Experiment
A three-plate overlap method was applied to make a simulation chip, as shown in Figure 1 . The bump diameter was 500 µm and the Cu pad size was 420 µm. The solder balls used in this paper were self-sintered in the laboratory and based on the content of metal elements required for space environmental testing. The composition of the solder bumps was Sn3.0Ag0.5Cu, SnPb (Pb content is 22.46%) and SnPb (Pb content is 37%). Solder balls of self-matching composition were placed in the center of the pad under the wettability of the flux. The bump was implanted using a flip-chip bonding machine, equipped with a high-precision alignment device, under the protection of nitrogen. The upper and lower sides of the samples were simultaneously heated by hot air to maintain a peak temperature of 260 • C for 60 seconds. The cooling rate was set to 4 • C/s. A self-made micro-interconnect structure of a single flip-chip solder joint was fabricated. The microbumps were stressed under the electrical current density of 2.5 × 10 3 A/cm 2 at −196 • C and room temperature at 25 • C. After grinding and polishing, ion milling was performed by applying argon ion source bombardment to remove surface stress layers with the thickness set to approximately 10 µm. The microbumps were analyzed using backscattered electron images, while the Sn grain orientation was examined using EBSD orientation image mapping (OIM) in the normal direction. Image processing was processed with TSL OIM Analysis 7.0 (AMETEK, Inc). The relationship between migration of Pb atoms and Sn grain structure was described in detail later in this study. 
Results and Discussion
The comparison tests both proved the occurrence of EM at the cathode interfaces of the two bumps at CT (−196 • C) and room temperature (RT) (25 • C). Figure 2a ,c shows the micromorphology of the Sn3.0Ag0.5Cu microbumps after stressing at the electrical current density of 2.5 × 10 3 A/cm 2 for 304 h at CT (−196 • C). In contrast, Figure 2b ,d depicts the scanning electron microscopy (SEM) images of the Sn3.0Ag0.5Cu microbumps after stressing at the same current density of 2.5 × 10 3 A/cm 2 for 274 h at RT (25 • C). Migration of (Cu x ,Ni 1−x ) 6 Sn 5 IMCs (identified by Energy Dispersive Spectrometer) from the cathode into the bump under current stressing was observed in both bumps, as shown in Figure 2a ,b. IMC migration from current stressing has previously been reported [30] , and this finding is reflected in Figure 2 . However, the amount of IMC migration in Figure 2b (RT test) was much greater than that of Figure 2a (CT test). As can be seen in Figure 2b , a serrated interface with a layer of voids exists, and the cathode end is seriously decomposed. Contrastively, the cathode interface of the bump stressed at CT remained intact, except for a few voids. The reason for this disparity is attributable to an EM/TM-induced coupling effect at RT, while current stress acts as the dominant driving force for IMC migration in the cryogenic environment. In comparison to Figure 2c , a significant polarization effect may be characterized in Figure 2d due to the effect of EM. The pseudo-color image of local microstructures in Figure 2d shows depression and extrusion resulting from polarization effects. Accordingly, the solder/Cu pad interface at the cathode stressing remained basically intact, and fewer IMCs migratied from the cathode to the anode, as shown in Figure 2c .
Although EM did not emerge strikingly at CT, rapid IMC growth was observed at the anomalous region of the cathode interface as a result of the electrical current stressing. Figure 3a is a partially enlarged SEM image showing the IMC morphology detail of Figure 3b . This SnPb (Pb content is 22.46%) bump was stressed at current density of 2.5 × 10 3 A/cm 2 for 100 hours. The area with abrupt changes in geometry can be seen at the cathode/Cu interface, where IMC orientation and rapid growth occurred as a result of continuous electrical current stressing. The length of the (Cu x ,Ni 1−x ) 6 Sn 5 (identified by EDS) IMC was measured up to 20.31 µm. The anomalous size of the IMC may be attributed to the current crowding effect. The growth of (Cu x ,Ni 1−x ) 6 Sn 5 were accelerated rapidly. Such a mechanism has been similarly reported, with current crowding occurring at the entrance of the current (or electron) flow from the conducting trace to the solder bump, accelerating EM damage [30] . The driving force propelling the rapid (Cu x ,Ni 1−x ) 6 Sn 5 IMC growth at this region was the rapid migration of Cu atoms, forced by the electron wind. The electrical force acting on the Cu atoms was taken to be main driving force, as illustrated in the equation below proposed by Huntington and Grone [31] :
Here, e is the charge of the electron, E is the electric field (E = ρj, where ρ is the resistivity and j is the current density), and Z * is the effective charge number of EM. Z * el can be interpreted as the nominal valence of the diffusing ions ignoring the shielding effect. Z * el eE is regarded as the direct force. Z * wd is a number of charges representing the momentum exchange. Z * wd eE is called the electron wind force, and it is commonly found to be much bigger than the direct force in EM. Therefore, the Pb/Cu atoms were forced to migrate in the same direction as the electrons, as shown in Figure 4a . Consequently, copper atoms migrated into the bumps and recombined with the Sn atoms in the bumps to form (Cu x ,Ni 1−x ) 6 Sn 5 IMC. The microstructure of the migration was characterized by the growth of (Cu x ,Ni 1−x ) 6 In Figure 4b , the cross section of a α-Sn grain is illustrated. It has a face-centered cubic structure and its c-axis is supposed to be making an angle θ with the x-axis. The angle between the a-axis and the x-axis is (90 • -θ), while the b-axis is normal to the plane of the figure. j is the stressed current density of the electrons. Note that the resistivity along the a-axis, b-axis and c-axis is the same in the α-Sn lattice. Due to the isotropy of resistivity, the electrical field E a = E a = E c = ρ a j a . In this study the tin-based microbump was stressed at CT, and the grain lattice was transferred into the α-Sn lattice with the isotropic properties along all the axes. Consequently, the magnitude of ρ c j c is the same as ρ a j a in α-Sn lattice [32] .
The above equation represents the magnitude of the angle ϕ between the electrical-field and the stressed electron density. The equation indicates that if θ = 0 • and θ = 90 • , then ϕ = 0 • , or in these cases E will be parallel to j. Consequently, the diffusivity of metal atoms in the α-Sn lattice (face-centered cubic structure) performed anisotropic migration along the a, b, and c axes, regardless of the angle ϕ.
It has been reported that Cu/Pb/Sn atoms have extremely anisotropic diffusion in Sn grains at RT [33] . We performed a crystallography and micromorphology analysis to correlate the relationship of the Pb atoms migration and the structure of the Sn grains during current stressing. The SEM morphology of the microbump after EM at −196 • C and 25 • C are shown separately in Figures 5 and 6 . Significantly, distinct migration patterns were observed in the two bumps. It was found that Pb atoms (identified by EDS), stressed in CT, migrated strangely in a parallel path trajectory, and the paths in different parallel directions formed an angle of approximately 90 degrees. On the contrary, EM at room temperature displayed a rapid Pb migration along a certain directional path, as shown in Figure 6 . Figure 5b is the inverse pole figure (IPF), illustrating the crystallographic orientation of the microbump in Figure 5a . The schematic unit cell of a Sn grain represents the orientation of an Sn grain in Figure 5d . It has been reported in previous studies that the metal atoms diffuse much faster along the c-axis than the other two long axes (a-axis or b-axis) in a β-Sn grain lattice [19] . The microbump (β-Sn) has a body-centered tetragonal grain structure at RT. The β-Sn lattice parameters were a = b = 0.583 nm and c = 0.318 nm. This type of lattice has anisotropic properties in electrical conductivity. The resistivity along the a and b axes is 13.25 µΩ-cm, while the c-axis is 20.27 µΩ-cm. [19] . For instance, the calculated anisotropy ratio for Ni could reach as high as 30,000 [34] . Thus, it was not surprising to see that outdiffusion of Cu (or IMC) was accelerated because the c-axis of the grain was almost aligned with the current flow direction in the monocrystalline structure (seen in Figure 6a ). Comparatively, since the tin-based solder underwent a phase transition from β-Sn to α-Sn at a temperature lower than 13.2 • C [35] , the directionality of the diffusion of Pb elements exhibited significant discrepancy for the two microbumps of single-crystal structure. The analysis of the lattice constants indicated the body-centered tetragonal structure (β-Sn) was anisotropic with respect to the diffusivity, resistivity, and mechanical properties, while the face-centered cubic structure (α-Sn) was isotropic in these properties. Consequently, when the bump was stressed at −196 • C, the grain structure of the microbump was slowly transformed from the β-Sn lattice to the α-Sn lattice, as described in Figure 5d . In the morphological representation (Figure 5a ), Pb (identified by EDS) atoms stressed in CT migrated and accumulated in a parallel path trajectory, and the 90 degree angle between the different parallel paths corresponded to the same 90 degree angle between every two lattice axes. For a more detailed analysis of the microstructural variation of the solder joints, enlarged views of the rectangular regions in Figure 5a are shown in Figure 5c . In this study, another batch of solder bumps were subjected to a cryogenic storage test for 10 days to analyze the driving force of Pb elements' migration. As can be seen from Figure 7a ,b, the Pb atoms (identified by EDS) were uniformly dispersed in the solder matrix, which was completely different from the situation described in Figure 5a ,c. This result concluded that it was the current stressing that was the driving force behind Pb migration and accumulation in a regular parallel distribution, rather than the cryogenic temperature. In this study, EBSD and SEM characterization analyses of the polycrystalline microbumps were conducted. Compared to the monocrystalline structure, completely different EM behavior occurred in the solder joints of the polycrystalline structure. Long-range migration and accumulation of Pb atoms (identified by EDS) occurred inside the polycrystalline bump at CT, as shown in Figure 8a and the detailed SEM image of Figure 8c . The EBSD orientation images were color coded with the grain orientation, as shown in the accompanying inverse pole figure in Figure 8b , while detailed grain boundaries in this bump is illustrated in Figure 8d . The grain structure of the bump was transformed from β-Sn (tetrahedral structure) to α-Sn (face-centered cubic structure) after stressing at CT. The grain boundaries were high-energy storage regions in this polycrystalline bump, and the diffusion behavior of metal atoms in the face-centered cubic lattice performed isomorphism [36] . As a result, the Pb atoms of the bump gathered at grain boundaries by diffusing through the face-centered cubic lattices around the long grain boundary, and eventually formed the long-range distribution and accumulation of Pb elements shown in Figure 8c . Contrastively, the metal atoms migrated and accumulated in a parallel direction in the bumps of monocrystalline structure. In addition, the grain boundaries in the polycrystalline microbumps were shown to be intertwined, as reflected in the labeled lines of Figure 8d . This structure can, to some extent, suppress the occurrence of EM [37] . 
Conclusions
(1) Electromigration was shown to occur at the cathode Cu/solder interface without the effect of Joule heating. Although electromigration does not emerge strikingly at −196 • C compared to that at 25 • C, the rapid growth of (Cu x ,Ni 1−x ) 6 Sn 5 IMC was observed at the anomalous region of the cathode interface due to the effect of current crowding.
(2) The isotropic migration behavior of Pb atoms was characterized by the phase transition from the anisotropic β-Sn to the isotropic α-Sn in the lattice structure in the cryogenic environment. A similar diffusion behavior occurs in all directions along α-Sn. This is significantly different from the usual electromigration behavior of diffusion along the c-axis of the β-Sn lattice.
(3) The grain boundary was a high-energy storage region in polycrystalline bumps, and the diffusion behavior of Pb atoms in face-centered cubic lattices performed isomorphism. As a result, the Pb atoms of the bump gathered at grain boundaries by diffusing through the face-centered cubic lattices around the long grain boundary, eventually forming a long-range distribution and accumulation of Pb elements.
